approach, the electronic transitions are described using point monopoles located at the porphyrin macrocycle nuclei. Asymmetrically-placed substituents are replaced by anisotropic polarizabilities and the sum of monopole-polarizability potentials is used to calculate the rotational strengths~ An improved geometry for the chlorin ring system is based on recent X-ray diffraction data. The discussion considers the possibili,;.
ties fOr theoretical treatment of more complicated systems of molecules.
The application of circuiar dichroism measurements to materials of photosynthetic origin promises to provide important information about the internal organization and structure of the photoactive pigmented membranes.
1 In order to provide a sound basis for interpreting the CD . spectra of these complex biological materials, it is important to develop a.better understanding of the corresponding properties of the individual (isolated) molecules.
The present paper is an extension of a previ ous study of the on g1 ns of 'molecular optical activity in chlorophyll and related mol~cules.2
These·molecules consist of an extended, planar porphyrin chromophore, whose symnetry can be considered to be p_erturbed by substituents .pl aced 
Theory
In the Kirkwood coupled oscillator model, the origin of optical activity is the interaction potential between electric transition dipoles located asynmetrically with respect to one another. 5 Tinoco has derived a general formalism'for the rotational strength (R A ) for the case of an electri cally allowed, magneti cally forbi dden transition, a+o, located on group i, starting from perturbation theory. Vioa;job is the coulomb potential energy due to the interaction of -4-transition charge densities in group i with those in group j. Va and Vb are the frequencies of the transitions a+oand b+o, h is Pl anck J 5 constant, and c is the velocity of light. 1m means lithe imaginary part of" and m jbo is the magnetic dipole transition moment for the transition b+o on group j. The second term in this formula is extremely difficult to· calculate and is usually ignored. It is expected on theoretical grounds 7 td be much smaller than the first term and one explicit calculati on 8 has; taccounting for about 1/10 of the observed rotational strength in cyclopentanone derivatives. Hence, only the more familiar first term, equivalent to the Kirkwood contribution, will be considered in this paper.
For each of the pigments the long wavelength Q y and Q x transitions are examined. 9 ,10These electrically allowed ~ransitions are ~-~* in nature and are delocalized over the porphyrin chromophore. for each. of the mOlecules c?nsidered here the Q y band is lower in energy and has a greater absorption intensity (Table I) . The x-andy-axes are defined in . Fi g. 1. Typi ca 1 absorption and ci rcu 1 a r di chroi sm spectra are s hO\'1n . in Fig. 2 . The band assignments are from experimental studies of fluorescence polarization and linear dichroism,1l,12 and from the theoretical studieS of Gouterman. 9 , 10 Each of the bands is slightly complicated by higher vibrational components. These components, however, are not strongly pol ari zed,lOdue to mixing with hi gher electroni c states.
Because of this, the higher vibrational co~onents tend not to contribute to the circular dichroism and are ignored in the calculations. The shorter.
wavelength Soret bands (occurring in the range 350-450 nm) overlap one another strongly, and no calculations were attempted on them. 
1
... The specific molecules for which calculations were done are chloro-
and'pyrobacteriochlorophyl1 (pyroBChl). Calculated rotational strength is compared with experimental circular dichroism (CD) results for the first th~eeof these for both the Q y and Q x bands. The relevant experimental absorption and CD data for these molecules are shown in Table I .
The molecular structures of these molecules differ in two important 
wher'e qitoa is the electric transition monopole located at the tth atom for trans; ti on a...o (the Q y or Q x transi ti on) for group i (the porphyri n ring) and Ritoa;j is a position vector from thejth asymmetrically-placed substituent to monopole t.
The transition monopoles were obtained from the self-consistent field molecular orl;>ita1 calculations of Weiss, 14 who used the configuration interaction method of Pariser, Parr and Pop1e (SCMO-PPP-cI) .15
Good qualitative agreement with the visible and near-UV absorption . .
-spectra was obtained. The monopole charge at the tth atom of a 1T system is proportional to C to Cta for a transition from the ground state to a singly e~citedstate, a, where C to and Cta are, respectively, the molecular orbital coefficients at the tth center for the ground and ~x cited state molecular orbitals. The monopoles (Table II) were flot predicted and therefore a rotational strength calculation was not attempted.
If we now substitute eq. (4) into eq. (la):
we find that any calculation would be extremely difficult, because knowledge of the transition dipoles of each of the aSyllJlletric groups, j, for all transitions, 1>+0, is needed. A majority of these transitions occur in the far ultraviolet region and have never been classified. To overcome this, we use Kirkwood I s pol ari zabili ty approximation:
where Vo is an average frequency of the transitions, a33 and all are the polarizabilities parallel and perpendicular to the axis of symmetry for each group (assuming cylindrical synmetry), and e. is a unit vector -J pointing along the axis of cylindrical syrmnetry. Each covalent bond in an asynvnetric center is considered in the calculations to be a group, j.
A polarizability anisotropy (a33 -all)j is associated with each bond,
-. Table III and are judged-to be the best available. By putting eq. (6) into eq. (5) and by using the good approximation Coordinates for the molecules (Table II are 
with the central Mg atom removed and with a methyl group replacing the phytol chain). Thus, 'the geoinetryof the side groups in solution ;s taken to be the same as that in the crystal. Although this may seem to be a crude approximation, molecular models show that each side group has significant steric hindrances. Thus, the assumption used is that, even in solution, the' side groups are unable to rotate freely. Because eq. (7) predi ctsa dependence of rotational strength on the inverse square of the distance of separation, the part of the side group which makes the greatest contribution to the optical activity is expected to be that which is closest to the conjugated ring, and it is precisely this part of the group which will feel the bulk of the steric forces. Calcu1a-tionsin which all side groups were allowed to rotate freely (Table IV) were also attempted. In all cases the agreement with experiment was not so good as that in whi ch the "crystal conformati on in sol uti on II was assumed .. In certain cases the results did.not even agree with the sign of the experimental rotational strength.
The phytol chain is ignored in the calculations. This probably introduces no serious error since this substituent is a larger distance from the porphyrin ring than any other group, thereby decreasing its interaction paten ti a 1 . Evidence from NMR measurements 24 ,25 i ndi cates that the phytol does not strongly interact wi th the other substi tuents. It is clear that in calculations, such as these, a highly deloialized transition cannot be accurately represented as a point dipole.
Measurements in this laboratory
Results are also presented for a calculation in which all monopoles were placed in the plane of the chromophore (for all other ca1cu1a'tions, monopoles were divided by two and placed 1 ~ above and below the plane; see above). Itis seen that this can change the contribution of an individual aSYRmetric center by as much as a factor of two. The implication from this is that if the true wave function (with the transition charge densities distributed continuously through space) was used to calculate the interaction potential, the result would be an improvement over that obtained by using monopoles (even if the monopoles were an extremely accurate set). That is, there ~s still an inherently large approximation in the use of point monopoles. . Fairly accurate monopoles are, therefore, essential for this type of calculation.
Attempts were made to prepare and to obtain a CD spectrum for pyroBChl. For this molecule the contribution to the rotational strength induced by the groups at C-3 and C-4 is expected approximately to cancel the contributions of the asymmetric centers at C-7
and C-8 (these groups are related by an approximate center of inversion) and a sma 11 CD signal is expected. However , j us t the opposite result (R A = 37.2 x 10-40 c.g.s.for the Q y transitionin pyroBChl) was obtained. Although the infrared spectrum confirmed the absence of the C-10 carboxymethyl group and the visible and near-infrared absorption was virtually indistinguishable .from that of BChl, the extraordinarily 1 a rge CD peaks 1 ead us to doubt whether we had the correct mol ecu 1 e.
As a con.sequence, the experimental rotational strengths for pyroBChl ar~ not included in Table IV .
ConcluSions
The nature of the optical activity of the chlorophyll molecules studied can. now be considered to be reasonably well understood. The CD spectra can be accounted for in terms of the interactions described --. ~ . ."..
